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Abstract—A simple method is proposed for the determination and speciation of Mn(II) and Mn(VII) in
waters utilizing a macroporous resin, Amberlite XAD-7HP. The batch method was employed and flame
atomic absorption spectrometry was used in all determinations. Amberlite XAD-7HP resin was shown to
retain Mn(VII) between pH 4 and 12. If the solution contains only one of the species, either Mn(II) or
Mn(VII), the resin behaves selectively depending on the pH of the solution. The elution from the sorbent was
realized using K2C2O4 in HNO3. The efficiency of the method was checked via spike recovery experiments.
The proposed method was successfully applied to industrial wastewater samples and quantitative recoveries
(≥96.0%) confirmed the accuracy of the method.
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Manganese is a very abundant element in nature
with an average concentration in natural waters in the
range of 0.1–1.0 mg/L. It can be found in soils, surface
and ground waters in the +1 through +7 oxidation
states [1, 2]. It is an essential micro-nutrient that is
present in all living cells. Its presence is important for
the proper function of several enzymes and function of
the brain, nervous system and normal bone growth
[3]. It is used in various steel materials as a hardening
agent and finds application in pharmaceutical prepa-
rations. However, it is toxic at high levels and can
cause lesions, headache, psychotic behavior, drowsi-
ness and other symptoms and conditions. The most
prevalent oxidation states of manganese are Mn(II)
and Mn(VII). It is known that excessive intake of
Mn(II) affects human health. In public water supplies,
Mn(VII) causes such difficulties as the staining of
clothes and encrustation of pipelines. Mn(VII) is
widely used as an oxidizing agent in analytical chemis-
try and also as a disinfectant. It has several important
applications as oxidant in the organic chemical indus-
try and in the cleaning preparation for the metallurgi-
cal industry. Therefore especially waste waters should
be analyzed for their permanganate content to obtain
correct information on toxicity and biotransformation
of manganese species [4]. The behavior and the forms
of manganese in waters can be predicted from its Eh–
pH diagram [5]. Redox conditions and the acid-
ity/alkalinity existing in the solution have a direct
influence in manganese speciation [6‒10].
The World Health Organization (WHO) guideline
for manganese levels is 0.5 mg/L for health and
0.1 mg/L to avoid staining problems [11]. The limit
value for manganese in drinking waters is 50 μg/L
according to both EU and USA regulations [12]. The
main source of manganese pollution in the water
derives from industrial and metallurgical applications
such as steel alloy, paint and varnishes, dry cell batter-
ies, match and fireworks, electroplating, and mining
industry. In a previous study, a manganese concentra-
tion of 2.0 mg/L was observed in some of the waters
obtained from different areas in Bangladesh which is
four-fold higher than the risk based drinking water cri-
teria of WHO [13]. Therefore the accurate determina-
tion of Mn(II) and Mn(VII) ions in waters has become
increasingly necessary to study problems associated
with environmental water pollution.
There are not too many studies on manganese spe-
ciation and determimation in literature. A chelating
poly(dithiocarbamate) resin (PDTC) has been pro-
posed by Yebra-Biurrun et al. [14] for the preconcen-
tration of manganese and determination by f lame
atomic absorption spectrometry (FAAS). Preconcen-
tration of manganese can be achieved using small
PDTC columns at high f low-rates (5–6 mL/min) and
sample volumes (1500 mL). Qian et al. [10] described
a novel method for the speciation and preconcentra-
tion of Mn(II)/Mn(VII) with crosslinked chitosan1 The article is published in the original.
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and determination by FAAS. Özdemir et al. [15] devel-
oped a speciation scheme for the identification of the
chemical forms of manganese in tea leaves and tea
infusions. In addition to studies with manganese
determination/speciation, there is a still need to
develop analytical methods not only to determine the
total manganese content in different environmental
samples but also to determine its species separately
with sufficient precision and sensitivity.
In this study, a simple separation procedure has
been proposed with Amberlite XAD-7HP resin for the
speciation of Mn(II) and Mn(VII) in waters using
FAAS.
EXPERIMENTAL
Reagents and materials. All reagents were of analyt-
ical reagent grade and highest purity. 18 MΩ·cm ultra
pure water was used throughout the study. Glassware
and plasticware were cleaned by soaking in 10% (v/v)
nitric acid and rinsed with ultra pure water prior to use.
Stock solutions of Mn(II) and Mn(VII) (1000 mg/L)
were prepared by dissolving appropriate amounts of
manganese sulfate (MnSO4) and potassium perman-
ganate (KMnO4) in 100 mL of ultra pure water. Lower
concentration standards were prepared daily from
their stock standard solutions.
Instrumentation. An atomic absorption spectrome-
ter, Thermo Elemental Solaar M6 Series with an air-
acetylene burner assembly, was used in all measure-
ments. In sorption studies with batch process, Yellow-
line RS 10 (Staufen, Germany) reciprocating shaker
was used to provide efficient mixing. The pH measure-
ments were performed by using Corning 450 pH/ion
meter with a pH combination electrode.
Speciation of Mn(II) and Mn(VII) using solid sor-
bents. To find the appropriate sorbent for the specia-
tion of Mn(II) and Mn(VII), experiments were per-
formed with batch equilibration using various sorbents
such as chelating and ion-exchange resins, natural and
synthetic zeolites. As an initial study, 20.0 mL of
2.0 mg/L solutions of Mn(II) and Mn(VII) were pre-
pared separately and their pH was adjusted to 7.0.
About 0.100 g sorbent was added immediately after pH
adjustment and the solutions were shaken for about
15 min. The contents were filtered through filter paper
and the filtrate was used for the determination of per-
cent sorption using FAAS. Of the sorbents investigated
(Table 1), some were selected for the further studies.
In the subsequent experiment, the pH of the solutions
was adjusted to pH 3.0, 7.0 and 10.0 to determine the
approximate sorption in acidic, neutral and basic
media. The percent sorption was examined using the
procedure mentioned above.
Effect of solution pH on the sorption of Mn(II) and
Mn(VII). To see the change in uptake behavior of the
sorbent Amberlite XAD-7 HP in a wide pH range
(2.0–12.0), 2.0 mg/L solutions of Mn(II) and
Mn(VII) were prepared separately and the pH of the
solutions was adjusted to the desired value using
NaOH (0.1–1.0 M) and HCl (0.1–1.0 M). The per-
cent sorption of the solutions was determined by the
procedure mentioned above.
Desorption from the sorbents. After collection of
Mn(II) and Mn(VII) on Amberlite XAD-7HP, the
release from the resin was investigated using various
eluents namely 2 M HNO3, 2 M HCl, 0.02 M KI/1 M
HNO3 and 0.01 M K2C2O4/1 M HNO3. For this pur-
pose, Mn(VII) solutions (20.0 mL, 2.0 mg/L) were
prepared and their pH was adjusted to 5.0. About
0.100 g of sorbent was added to each solution. After
shaking for 15 min, the solutions were filtered and the
sorbents left on the filter paper were placed into the
eluent solutions one by one. The solutions were shaken
again for 15 min for elution. After the end of this
period, the solutions were filtered and the eluates were
analyzed for their manganese content.
Recovery of the proposed method. In order check
the total recovery of the method after sorption/elution
stages, 15.0 mL of 2.0 mg/L solution of Mn(II),
15.0 mL of 2.0 mg/L soltion of Mn(VII) or 15.0 mL of
2.0 mg/L Mn(II) + 2.0 mg/L Mn(VII) together were
Table 1. Properties of the sorbents used in Mn speciation at pH 3.0, 7.0 and 10.0
Sorbent Property Form
Diaion SK 116 Strong cation exchanger Sodium
Diaion SK 1BS Strong cation exchanger Sodium
Diaion SA 20 A Strong anion exchanger Chloride
Amberlite IRN-78 Strong anion exchanger Hydroxide
Amberlite IRA-743 Weak anion exchanger Free Base
Amberlite IR 120 Plus Strong cation exchanger –
Dowex 1X4 Strong anion exchanger Chloride
Dowex 50WX4 Strong cation exchanger Hydrogen
Duolite C-467 Chelating resin Sodium
Amberlite XAD-HP Adsorbent –
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prepared separately and processed with the method.
The final volume of the solution (0.01 M K2C2O4/1 M
HNO3) was also 15.0 mL. Percent recovery values
were calculated from the matrix-matched calibration
plots.
RESULTS AND DISCUSSION
Analytical performance. In order to obtain the cali-
bration plot for manganese, standards were prepared
in concentrations from 0.01 to 2.5 mg/L. A good lin-
earity is obtained even in 0.01 to 0.1 mg/L range: y =
0.1133x – 0.0008, R2 = 0.9987 and y = 0.1144x –
0.0013, R2 = 0.9992, for Mn(II) and Mn(VII), respec-
tively. In addition, Mn(II) and Mn(VII) standards
were prepared separately to check whether they give
different responses. It was observed that the calibra-
tion plot is independent of the chemical form of the
metal (MnSO4 or KMnO4). For the aqueous stan-
dards, the limit of detection (LOD) based on 3 times
the standard deviation above the blank value is
0.54 μg/L.
Sorption studies. The form of manganese is very
sensitive to redox conditions and pH of the natural
matrices. Depending also on the presence of other
ions in the solutions manganese can be found in differ-
ent forms. In this study, our purpose was to find a
proper method for the determination of Mn(II) and
Mn(VII) in natural waters. For this purpose, several
ion-exchange or chelating resins, natural and syn-
thetic zeolites were tried as sorbents and their selectiv-
ity towards Mn(II) and Mn(VII) was examined fol-
lowing the sorption procedure explained in “Experi-
mental.”
Table 2 gives preliminary results about the uptake
of selected sorbents towards Mn(II) and Mn(VII) spe-
cies. In view of the fact that sufficient information
could not be obtained from Table 2, it was decided to
determine the percent sorption on various sorbents
from acidic, neutral and basic media. For this pur-
pose, the pH of the solutions was adjusted to 3.0, 7.0
and 10.0 and percent sorption was determined. The
percentage sorption graphs for the selected sorbents at
different pH values are shown in Fig. 1.
Among the sorbents tried, Amberlite XAD-7HP
gave the most promising results for the speciation of
manganese. Therefore, the further experiments were
carried out with Amberlite XAD-7HP resin. It is a
macro porous acrylic ester resin with no
functional groups [16]. It resembles other XAD resins
like XAD-1, -2, and -4 which comprise styrene poly-
mers with divinylbenzene crosslinking. These XAD
resins can be applied directly or after a chemical pre-
treatment step to introduce ionic groups. For example,
Doğutan et al. [17] functionalized XAD-2 with palmi-
toyl quinolin-8-ol and used the modified resin to pre-
concentrate Mn(II) from natural waters. In our study,
we did not apply a treatment step and used Amberlite
XAD-7HP in its original form.
Extraction efficiency as a function of pH. The stud-
ies in which Amberlite XAD-7HP was used have
shown that the preconcentration ability of the resin is
pH-dependent. Many researchers mention the differ-
ences in the extraction efficiency of sorbents depend-
ing on the charge of the metal ion [16]. For this reason,
the first experiment with the resin was about the deter-
mination of its extraction efficiency for Mn(II) and
Mn(VII) at different pH values by batch equilibration.
As illustrated in Fig. 2, Mn(VII) is taken up by the
resin almost quantitatively between pH 4 and 12 except
pH 7 where the sorption is about 80%. It is also seen
from the figure that Mn(II) adsorption is less than
20% from pH 2 to 8 and retention reaches a maximum
value at a pH of 12. Without going further, based on
this observation and the Eh–pH diagram of Mn it can
be said that Mn(II) at this pH was not Mn2+ ion any-
more but had been converted to MnO2 (or an other
Table 2. Sorption (%) of Mn(II) and Mn(VII) towards
selected sorbents (sample volume 20 mL, amount of resin
0.100 g, initial concentrations 2.0 mg/L for both Mn(II) and
Mn(VII), n = 3)
* Low molecular weight, ** medium molecular weight, *** high
molecular weight.
Sorbent Mn(II) Mn(VII)
Alumina basic ~80 ~40
Chelex 100 >95 ~40
Duolite GT-73 >95 >95
Clinoptilolite >95 >90
Zeolite beta >95 >95
Zeolite Y >95 >95
Zeolite ZSM-5 >95 >95
MCM-41 >95 >90
Chitin ~85 >95
Chitosan* >95 >90
Chitosan** ~50 >95
Chitosan*** ~65 >95
Amberlite IRN-78 >95 >95
Amberlite IRA-743 ~80 ~80
Amberlite IR 120 >95 ~30
Dowex 1X4 >95 ~30
Dowex 50 WX4 >95 >95
Duolite C-467 >95 ~30
Diaion SK 116 >95 ~40
Diaion SK 1BS >95 ~35
Diaion SA 20A >95 ~35
Rexyn 101 >95 ~35
Amberlite XAD-7HP ~15 ~80
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insoluble manganese species namely Mn(OH)2,
Mn3O4). So, it was the physical retention of solid
MnO2 on the resin particles, or more possibly on the
filter paper during filtration rather than the ionic
bonding of Mn2+ in the macro pores of Amberlite
XAD-7HP resin. When the initial concentration of
Mn2+ in the solution was 2.0 mg/L or lower, MnO2
particles formed could not easily seen by the naked
eye. When the concentration exceeded 2.0 mg/L,
brownish-black MnO2 was readily seen on the filter
paper. (This experiment was repeated without adding
Amberlite XAD-7HP and pH of solution was brought
to 12 with the addition of 1 M NaOH. Meanwhile, a
precipitate was obtained and filtered out.) Both the fil-
trate and the precipitate after dissolution in HCl were
analyzed for their manganese content and it was found
that more than 90% of the original manganese was in
the solid phase, the rest in the filtrate. This finding
confirmed the precipitation of MnO2 (or other insolu-
ble forms) under these conditions. In the next set of
experiments, it was planned to repeat sorption studies
at different pH values for Mn(II) alone, Mn(VII)
alone and Mn(II) + Mn(VII) together. For this pur-
pose three pH values were selected to work at; namely
pH 1.0, 5.0, and 12.0. The results are given in Table 3.
As can be understood from Table 3, the percent
sorption results for Mn(II) and Mn(VII) when they
are alone are in accordance with the previous findings.
But when they were together in the same solution,
they demonstrate very high take-up (>80%) even at
pH 1. Although this result was thought to be wrong at
first look, it is likely to be true due to the following
reaction [18]:
(1)
It is mentioned that this reaction has an equilib-
rium constant of about 1047; but the rate at which it
occurs is said to be slow [18]. In our experiments
during sorption, the solutions were shaken for at least
15 min, and this relatively long time must have been
sufficient for the formation of MnO2 precipitate. And
again, since the mixture is filtered after shaking with
2
4 2 (2 )s2MnO  3Mn  2H O   5MnO  4H .
− + ++ + +
Fig. 1. Percentage uptake: (a) Amberlite XAD-7HP, Mn(II) (×), Mn(VII) (j); Duolite C-467 Mn(II) (m), Mn(VII) (r);
(b) Diaion SK 1BS Mn(II) (r), Mn(VII) (j); Diaion SK 116 Mn(II) (m), Mn(VII) (×) and Dowex 50WX4 Mn(II) (×), Mn(VII)
(d); (c) Amberlite 120 plus Mn(II) (♦), Mn(VII) (×); Diaion SA 20 A Mn(II) (×); Mn(VII) (j) and Dowex 1X4 Mn(II)
(m),Mn(VII) (d); (d) Amberlite IRA 743 Mn(II) (r), Mn(VII) (j) and Amberlite IRN 78 Mn(II) (m), Mn(VII) (×).
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Fig. 2. Percentage uptake by Amberlite XAD-7HP resin for
Mn(II) (d) and Mn(VII) (j) as a function of pH.
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the resin (so that MnO2 is removed), the filtrate is
found to contain less manganese than expected. This
finding can lead to further studies in which MnO2 pre-
cipitation can be used to determine the concentration
of Mn(II) in the original solution and/or it can be used
for the coprecipitation of some trace elements in vari-
ous samples [16].
Desorption studies. As explained under “Experi-
mental,” two strategies were followed for the desorp-
tion of manganese from Amberlite XAD-7HP resin.
The first strategy was to wash the surface of the resin
with strong acids and release the manganese species
adsorbed by converting them into Mn2+ that is not
adsorbed at low pH values. The second strategy was to
apply several reactants such as KI and K2C2O4 based
on the reactions (2), (3):
(2)
(3)
The results of the desorption (elution) studies are
given in Table 4. As seen from the table, the most effi-
cient eluent was 0.01 M K2C2O4 (in 1 M HNO3). It was
so successful that it was able to desorb Mn(VII) species
adsorbed on the resin and also readily dissolve MnO2.
To our knowledge, nobody has used this eluent before.
Total recovery of the proposed method for manga-
nese determination. Based on the sorption‒elution
studies, the expected total recovery of the method
must be greater than 90%. In order to check whether
this is achieved, separate solution of Mn(II) alone,
Mn(VII) alone, and Mn(II) + Mn(VII) together, were
prepared and subjected to the sorption‒elution steps
as before. The results given in Table 5 indicate the effi-
ciency of the method. When the solution contains only
one of the species, namely either Mn(II) or Mn(VII),
the resin behaves selectively depending on the pH of
the solution. If pH is 2.0, neither Mn(II) nor Mn(VII)
is adsorbed efficiently. The lower recoveries at acidic
pH values must be due to the conversion of manganese
species to Mn2+ which is not adsorbed by the resin. At
pH 2.0, if the species had behaved as they were alone,
we would have obtained recovery about 10‒20%.
Instead, 58% was obtained. This must be again due to
the reaction (1) which MnO2 could have been formed,
collected on the filter paper and analyzed after disso-
lution in K2C2O4 (1 M HNO3). A similar effect is also
observed at pH 5.0 together with the quantitative sorp-
tion of Mn(VII) on the resin. At pH 12.0 both species
can be adsorbed (or collected) quantitatively. When
analyzing real samples pH must be adjusted to 12.0 if
both species are to be determined. The precipitate
formed can be analyzed for manganese concentration.
Analysis of real samples. To explore the feasibility of
the presented speciation procedure, the proposed pro-
cedure was applied for the determination of manga-
2
2(s) 2 2MnO  4H  2I  Mn  I  2H O,
+ − +→+ + + +
4 2 2 4
2
2 g( ) 2
2MnO  5H C O  6H
  2Mn  10CO  8H O.
− +
+
+ +
+ +
nese species in industrial wastewaters. In order to ver-
ify the accuracy of the established procedure, recovery
experiments were carried out by spiking the samples
with different amounts of manganese species before
any pretreatment. The results are presented in Table 6.
A good agreement was obtained between added and
found value of the analyte. As can be seen, recoveries
between 96.0 and 103.3% were obtained, which con-
firm the accuracy of the presented method and could
be applied successfully for the speciation of manga-
nese species in water samples.
Comparison with other methods. A comparison of
the represented method with other reported speciation
methods for manganese is shown in Table 7. The com-
parison of the proposed method with the previously
reported procedures for the speciation analysis of
manganese indicates that the present procedure has
the comparable or better LOD values than those
reported previously. High sorption values, lower
detection limits and good RSD values are some of the
advantages of the proposed method. These character-
istics are of key interest for routine laboratories in trace
metal ion analysis.
An accurate, precise and simple method was devel-
oped for speciation and determination of Mn(II) and
Mn(VII) ions in water samples. It was observed that
Table 3. Sorption (%) of manganese species by Amberlite
XAD-7HP at different pH values (sample volume 20 mL,
amount of resin 0.100 g, initial concentrations 2.0 mg/L for
both Mn(II) and Mn(VII), n = 3)
Ion pH 1.0 pH 5.0 pH 12.0
Mn(II) alone 31 (±5) 19 (±2) 95 (±3)
Mn(VII) alone 23 (±2) 98 (±1) 95 (±2)
Mn(II) + Mn(VII) together 83 (±3) 97 (±1) 93 (±3)
Table 4. Desorption of manganese species from Amberlite
XAD-7HP
Eluent Elution, %
2 M HNO3 ~45
2 M HCl ~45
0.02 M KI in 1 M HNO3 <LOD
0.01 M K2C2O4 in 1 M HNO3 >95
Table 5. Recovery (%) of the proposed methodology (ini-
tial and final volumes 15 mL, initial concentrations
2.0 mg/L, eluent 0.01 M K2C2O4 in 1 M HNO3, n = 3)
Ion pH 2.0 pH 5.0 pH 12.0
Mn(II) alone 6 (±1) 10 (±1) 96 (±2)
Mn(VII) alone 8 (±1) 97 (±1) 97 (±7)
Mn(II) + Mn(VII) together 58 (±4) 81 (±4) 96 (±6)
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the speciation of manganese ions is possible after
adjusting the pH of sample solution. Amberlite XAD-
7HP resin has been shown to retain Mn(VII) between
pH 4 and 12. Mn(II) determination at mg/L level can
be done by forming the MnO2 precipitate at pH 12.
The elution from the micro column and/or the disso-
lution of MnO2 formed can be realized by K2C2O4 in
HNO3 which have been shown to be very effective.
The proposed procedure has comparable or better
LOD values than those reported in literature. Quanti-
tative recoveries (≥96%) with industrial wastewater
samples were obtained which confirmed the accuracy
of the presented method.
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